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Abstract

Molecular complexes, dimers and heterodimers often show interesting structures, large amplitude internal motions and orientations
for reaction coordinates. These properties were the motivations for the current study of the rotational spectra of the heterodimers,
CH3OH–CO2 and CH3OH–H2CO, in a pulsed nozzle Fourier-transform microwave (FTMW) spectrometer. In addition to studying
the normal isotopic forms, several isotopologues containing 13C or deuterium substituted atoms of each heterodimer were analyzed
in order to obtain structural data of the complexes. All species showed splittings from internal rotation of the methyl group and splittings
on the b-type transitions of the CH3OH–H2CO species suggesting rotation of the H2CO group between equivalent structural forms.
Stark effect measurements on each of the parent species provided dipole moment components. Theoretical ab initio results are compared
to the experimentally determined molecular parameters.
� 2006 Elsevier Inc. All rights reserved.

Keywords: Molecular complex; Dimer; Methanol–carbondioxide; Methanol–formaldehyde; Microwave spectrum; Structure; Dipole moment
1. Introduction

Rotational studies of molecular dimers and heterodi-
mers have provided insights on reaction coordinates, e.g.
H2CCH2–O3 [1], large amplitude internal motions, e.g.
(CH3OH)2 [2,3] and (H2CO)2 [4], and molecular structures
of the lowest energy forms to verify the validity of theoret-
ical calculations. The current study of the heterodimers
CH3OH–CO2 and CH3OH–H2CO was motivated by each
of these objectives.

The methanol–carbon dioxide heterodimer has been the
subject of laboratory and interstellar infrared investigation
for its role in interstellar ice mantels [5–7]. While no high
resolution experimental spectrum has been observed previ-
ously, theoretical calculations of the stable structural con-
formers and the infrared band associated with the CO2

bend in the complex have been reported [8]. One of the
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objectives of the present study is to determine the most sta-
ble structural conformer for the heterodimer. Similarly, the
CH3OH–H2CO heterodimer has been the subject of theo-
retical study as a prototype for dihydrogen exchange
between the alcohol and ketone structure [9], but no prior
spectroscopic or structural study has been reported.

In the present paper we report the observation of both
complexes by Fourier-transform microwave (FTMW)
spectroscopy in the 8–26 GHz range. The rotation-centrif-
ugal distortion-internal rotation molecular parameters
have been determined for several isotopologues for each
species enabling the determination of the conformations
of each. Stark effect measurements provided the determina-
tion of the dipole moment components for the normal iso-
topic forms.

2. Experimental details

Spectral measurements were carried out with a Fabry–
Perot cavity, Fourier-transform microwave spectrometer
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Fig. 1. Survey spectrum of CH3OH–CO2 showing the contamination
from the methanol dimer.
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Fig. 2. Spectral scan of the J = 3–2 region of CH3OH–H2CO showing the
A and E state splitting.
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designed by Lovas and Suenram [10,11] of the Balle-Flyg-
are type [12]. A new PC based system for timing and con-
trol of the mirrors, pulsed nozzle, microwave synthesizer,
and signal processing has been incorporated and uses the
FTMW++ software system designed by Grabow [13]. A
pulsed solenoid valve was used to produce a supersonic
molecular beam from a mixture of about one volume per-
cent methanol and carbon dioxide entrained in argon (or
neon) carrier gas at a total pressure of 100 kPa (1 atm)
behind a 1 mm nozzle orifice and injected along the axis
of the Fabry–Perot cavity and parallel to the microwave
field. For the formaldehyde–methanol study, paraformal-
dehyde was placed in the reservoir of a heated pulsed noz-
zle and a one volume percent methanol sample entrained in
argon (or neon) carrier gas served as backing gas. Molecu-
lar beam pulses with about 400 ls duration were employed
with repetition rates up to 10 Hz. The molecular beam was
polarized by a short microwave pulse when the microwave
frequency was near-resonant (Dm < 400 kHz) with a rota-
tional transition. The free induction decay signal from
the cavity was digitized in 0.5 ls increments for 2048 chan-
nels. Typically, 50–100 pulses were signal averaged, after a
background microwave pulse was subtracted from each
signal pulse, to yield signal-to-noise ratios of 10 or more.
The averaged data were Fourier transformed to obtain
the amplitude spectrum in the frequency domain with a res-
olution element of 2 kHz/point. Molecular transitions
observed as Doppler doublets had line widths of 5 kHz,
and the frequency measurement uncertainties were estimat-
ed to be 4 kHz in most cases (type B with coverage factor
k = 2 [14]), with the resolution element for the digitization
time described above. Some transitions of the deuterated
species exhibited partially resolved hyperfine structure,
which caused larger uncertainties in the reported line
centers.

3. Assignment and fit

Based on the B+C values for the CH3OH–H2CO and
CH3OH–CO2 heterodimers from ab initio calculations [9]
and general structural considerations, survey scans were
made with the aim of finding a-type, R-branch transitions
with low Ka values. These initial survey scans permitted
the low Ka, a-type, R-branch transitions (both A and E
species) to be readily assigned using features of JB95 [15].
Fig. 1 shows the survey scan over the J = 3–2 and J =
4–3 a-type transition regions for CH3OH–CO2. Note that
clusters of lines from the methanol dimer overlap the
methanol–carbon dioxide spectrum, but do not cause diffi-
culty in the assignment. Fig. 2 shows a 1 GHz survey of the
CH3OH–H2CO J = 3–2 a-type transition region. Both
(H2CO)2 and Ar-CH3OH were contaminants in this sys-
tem, however their appearance did not complicate the
assignment process. Further assignments were made in
the usual bootstrap manner with fitting newly assigned
transitions and obtaining improved predictions for unas-
signed transitions.
For the CH3OH–H2CO heterodimer, the b-type transi-
tions (both A and E species) appeared as doublets due to
a large amplitude motion of H2CO unit that most likely
corresponds to a 180� rotation of the H2CO unit about
its C2 axis. The typical splitting observed for b-type transi-
tions was about several tens of kHz, varying slightly
depending on the type of the transition and deuteration
of the formaldehyde unit. For the CH3OH–H2CO and
CH3OH–H2

13CO isotopologues, the weaker component
of the doublets (one-third to one-half of the intensity of
the stronger component) appeared at higher frequency,
whereas for CH3OH–D2CO isotopologue, the weaker com-
ponent was on the low frequency side of the doublet. In our
fits, we used the upper frequency components of these
b-type doublets for the lowest energy state which is consis-
tent with the spin weights for the ground and excited states
of 1:3 for H2CO and 6:3 for D2CO. For the CH3OH–CO2

heterodimer, there were no splittings observed for b-type
transitions.

The assigned transitions for each isotopologue were fit
using the so-called rho-axis method (RAM) Hamiltonian
[16] that allows simultaneous fitting of transitions of A
and E species. In the fits, we have used the uncertainties



Table 1
Torsion–rotation parameters for the CH3OH–H2CO, CH3OH–H2

13CO, and CH3OH–D2CO heterodimers in the ground torsional statea

Operatorb Parameter CH3OH–H2CO CH3OH–H2
13CO CH3OH–D2CO

1/2(1 � cos 3c) V3 240.53583(41) 240.31959(49) 239.20384(67)
P 2

c F 6.17c 6.16c 6.07c

PcPa q 0.16037949(94) 0.1588283(10) 0.1443300(14)
P 2

a A 0.9100073(71) 0.8995958(93) 0.8134837(32)
P 2

b B 0.0803578(90) 0.078802(10) 0.0763767(35)
P 2

c C 0.074027(11) 0.072671(14) 0.07000566(55)
{Pa,Pb} Dab �0.030986(19) �0.029834(23) �0.027525(25)
�P4 DJ 0.12267(16) · 10�6 0.11884(15) · 10�6 0.10773(17) · 10�6

�P 4
a DK �0.1039(66) · 10�3 �0.1054(89) · 10�3 0.05345(33) · 10�3

�2P 2ðP 2
b � P 2

cÞ dJ 0.680(14) · 10�8 0.657(14) · 10�8 0.661(13) · 10�8

�fP 2
a; ðP 2

b � P 2
cÞg dK 0.38(13) · 10�6 0.35(12) · 10�6 0.61(12) · 10�6

P 2
cP 2 Gv �0.116(10) · 10�4 �0.123(13) · 10�4 —

(1 � cos 3c)P2 Fv �0.172(28) · 10�3 �0.189(35) · 10�3 0.1319(20) · 10�3

(1 � cos3 c){Pa,Pb} dab �0.121(12) · 10�2 �0.078(17) · 10�2 �0.1306(83) · 10�2

Number of assigned lines 25A+31E 25A+30E 22A+31E
Root-mean square deviation/kHz 2.6 2.6 3.1

a All values are in cm�1, except q, which is unitless. Type A uncertainties are shown as one standard deviation in the last two digits (coverage factor
k = 1) [14].

b {A,B} = AB + BA. The product of the operator and parameter from a given row gives the term actually used in the fit, except for F, q, and A which
appear in the Hamiltonian in the form F ðP c � qP aÞ2 þ AP 2

a.
c F parameter was fixed in the fits. See discussion in the text.
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of 4 kHz for well resolved lines recorded with good signal-
to-noise ratio and 10 kHz for some blended or weak lines.
Table 1 presents the results of the fit for each isotopologue
of CH3OH–H2CO giving the RAM Hamiltonian parame-
ter values, total number of assigned transitions and root-
mean-square (rms) deviation of the fit. Table 2 gives the
same information for the isotopologues of CH3OH–CO2.
It is seen from Tables 1 and 2 that for all isotopologues
the rms deviations are less than 4 kHz uncertainty of the
Table 2
Torsion-rotation parameters for the CH3OH–CO2, CH3OH–13CO2, and CD3O

Operatorb Parameter CH3OH–CO

1/2(1 � cos 3c) V3 174.7842(14
P 2

c F 5.45c

PcPa q 0.041951
P 2

a A 0.299345
P 2

b B 0.098298
P 2

c C 0.065926
{Pa,Pb} Dab �0.0591262
�P4 DJ 0.17202(2
�P 2P 2

a DJK 0.133(16)
�P 4

a DK 0.0991(14
�2P 2ðP 2

b � P 2
cÞ dJ 0.2846(16

�fP 2
a; ðP 2

b � P 2
cÞg dK —

P 2
cP 2 Gv 0.4033(50

(1 � cos 3c)P2 Fv 0.1576(10
P 2

cP 2P 2
a k2J �0.821(46)

ð1� cos 3cÞðP 2
b � P 2

cÞ c2 0.32853(7
ð1� cos 3cÞfP 2

a; ðP 2
b � P 2

cÞg c2K �0.774(13)
Number of assigned lines 32A + 42E
Root-mean square deviation/kHz 2.4

a All values are in cm�1, except q, which is unitless. Type A uncertainties ar
k = 1) [14].

b {A,B} = AB + BA. The product of the operator and parameter from a give
appear in the Hamiltonian in the form F ðP c � qP aÞ2 þ AP 2

a.
c F parameter was fixed in the fits. See discussion in the text.
majority of the data. The measured frequencies of assigned
transitions used in our fits, their uncertainties and observed
minus calculated values from the final fits are available at
ScienceDirect as Supplementary material for this article.

It should be noted that due to experimental conditions
(supersonic expansion and frequency range from 7 to
26 GHz) we could measure only low J and low Ka transi-
tions in the ground torsional state. For the CH3OH–
H2CO heterodimer, we have assigned transitions with J
H–CO2 heterodimers in the ground torsional statea

2 CH3OH–13CO2 CD3OH–CO2

) 174.8325(12) 157.934(12)
5.45c 2.83c

3(11) 0.04186181(98) 0.080916(48)
8(49) 0.2993685(47) 0.284248(82)
5(55) 0.0974728(52) 0.08767(15)
9(47) 0.0654754(46) 0.060870(21)
(36) �0.0589821(29) �0.05292(20)
0) · 10�6 0.17059(20) · 10�6 0.14712(21) · 10�6

· 10�6 0.157(16) · 10�6 —
) · 10�5 0.1017(11) · 10�5 0.0966(12) · 10�5

) · 10�7 0.2827(20) · 10�7 0.2445(16) · 10�7

— 0.1248(35) · 10�6

) · 10�4 0.4008(49) · 10�4 0.143(17) · 10�4

) · 10�2 0.1566(10) · 10�2 0.150(12) · 10�2

· 10�7 �0.705(45) · 10�7 �0.550(25) · 10�7

8) · 10�3 0.32674(48) · 10�3 0.550(73) · 10�3

· 10�6 �0.764(15) · 10�6 —
34A + 40E 37A + 37E

2.4 3.1

e shown as one standard deviation in the last two digits (coverage factor

n row gives the term actually used in the fit, except for F, q, and A which



Table 3
CH3OH r0-structural parameters

Parameter Experimental value Ab initio MP2/aug-cc-pVTZ

rCH (Å) 1.09217(62) 1.091
rOH (Å) 0.9709(18) 0.961
rCO (Å) 1.42607(46) 1.426
\HCH(�) 108.735(68) 108.9
\COH(�) 107.48(17) 108.5
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up to 9 and Ka up to 2 and for CH3OH–CO2 heterodimer,
we have transitions with J up to 6 and Ka up to 4. This lim-
ited amount of data prevented the fitting of all zero order
torsional parameters of the RAM Hamiltonian and, as
usually done in such cases, we have fixed the F parameter
in the fits. The F parameter was fixed at a value that corre-
sponds to the moment of inertia of the methyl-top
Ia = 3.21 u Å2 for the CH3 group and 6.39 u Å2 for the
CD3 group. These Ia values for the CH3 and CD3 groups
used in our study were recalculated from the CH3OH [17]
and the CD3OH [18] RAM Hamiltonian parameters,
respectively. The Ia value was calculated using the equation
for the F parameter given after equation (2–25) in the Lin
and Swalen review on internal rotation [19].

The ratios of transitions to parameters in the fits vary
from 3.9 to 1 in CH3OH–H2

13CO to 5.3 to 1 in CD3OH–
CO2, which are rather low. Although this is the usual situ-
ation for the investigation of complexes [20], one can
expect that such low J and Ka transitions, sampling only
the ground torsional state, should be fitted using zero order
torsion and rotation parameters of the RAM Hamiltonian
plus ordinary centrifugal distortion terms. Nevertheless, as
seen from Tables 1 and 2, some higher order torsional
parameters such as Gv, Fv, dab, k2J, c2, c2K have been includ-
ed in the model. The need for these parameters may be
rationalized by the assumption that large fluctuational
changes may occur in the symmetry plane of the heterodi-
mer between methanol and its complex counterpart mono-
mers (CO2 and H2CO in our case). Another possible
explanation is that extra parameters in the model are need-
ed to account of the influence of so-called libration motion
of the methanol unit about its a inertial axis, which accord-
ing to Fraser et al. [21] is responsible for dramatic lowering
of the barrier. As seen from Tables 1 and 2 in our study, we
also observed considerable lowering of the methyl-top
internal rotation barrier to 240 cm�1 in the CH3OH–
H2CO heterodimer and to 174 cm�1 in the CH3OH–CO2

heterodimer in comparison with 373 cm�1 in methanol
itself.

4. Structural analysis

The structure was parameterized in the internal coordi-
nates developed by Thompson, where each atom is speci-
fied by its orientation with respect to the last three
specified atoms [22]. The coordinates consist of a bond
length, a bond angle and a torsional angle. The structure
fitting routine used was STRFTQ, written by Schwend-
eman [23] and modified by Lovas, which allows multiple
isotopomers to be fit simultaneously.

In the structural fits, the planarity of the heavy atoms
was assumed for both heterodimers. The planarity of the
heavy atoms is evidenced by the inertial defect which is
approximately �3 u Å2 for both heterodimers as expected
for the methyl group alone. Planarity is also fully support-
ed by the ab initio calculations where no symmetry restric-
tions were imposed and no imaginary frequencies were
found as well as by the RAM fitting program where no
out-of-plane terms were necessary to fit the spectra. In
addition, we made the usual assumption that the structure
of the monomers is unchanged on complex formation. So
assuming planarity of the heavy atoms and fixing the struc-
tures of the monomers, we have three structural parameters
to be determined for each heterodimer under consider-
ation. For the CH3OH–H2CO heterodimer, we varied the
r (O–H), h = \CO–H, and / = \O–HO parameters, and
for the CH3OH–CO2 heterodimer, we varied the r (C–O),
h = \OC–O, and / = \C–OC parameters.

Since the latest available experimental structure for
methanol was the rS structure determined by Gerry et al.
[24] in 1976, we decided to make a separate structural fit
to determine the r0 structure of methanol. In this fit, we
have used the moments of inertia for the following metha-
nol isotopologues: 12CH3

16OH [17], 12CD3
16OH [18],

12CH3
18OH [25], 13CH3

16OH [26], 12CH3
16OD [27],

12CD3
16OD [28]. The principal axis moments of inertia

needed for the structural fit were obtained from diagonal-
ization of the rho-axis moment of inertia tensors, which
were determined for the methanol isotopologues listed
above from Refs. [17,18,25–28]. A conversion factor
505379.01 MHz u Å2 was used. As initial values for the
structural parameters of methanol, we took the parameters
of the rS structure from Gerry et al. [24]. A least-squares fit
to Ia, Ib, and Ic of the six methanol isotopologues men-
tioned above showed that the value of the tilt angle (the
angle between CO bond and symmetry axis of the methyl
group) is not determined (the value was about 0.1� whereas
uncertainty was about 2�). Fixing the tilt angle at zero gave
almost the same root-mean-square (rms) deviation for the
principal moments of inertia and, therefore, we adopted
the structure fit with tilt angle fixed at zero (the rms devia-
tion from the structural fit of the principal moments of
inertia was 0.0089 u Å2). The resulting r0 structural param-
eters obtained for methanol are given in Table 3. These
parameters were fixed in the structural fits of the heterodi-
mers under consideration. For formaldehyde, the r0 geom-
etry used is r0 (CH) = 1.106(1) Å, r0 (CO) = 1.2067(5) Å,
and \HCO = 121.6(1)� from least-squares fit to Ia and Ib

for seven isotopic forms [29–31] with a rms deviation of
0.0033 u Å2 for the moments of inertia. For carbon diox-
ide, the geometry employed is r0 (CO) = 1.162026(34) Å
determined by fitting Ib values for six isotopic forms from
ref. [32] with a rms deviation of 0.0032 u Å2 for the
moments of inertia.
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As in the case of methanol, the rigid rotor rotational
constants shown in Table 4 were determined from diago-
nalization of the rho-axis rotational constants obtained in
the present study. The structural parameters resulting from
the least-squares fits to Ia and Ib moments of inertia of iso-
topologues of CH3OH–CO2 and CH3OH–H2CO heterodi-
mers are presented in Table 5 and Figs. 3 and 4,
respectively. The rms deviation from the structural fit to
Ia and Ib moments of inertia was 0.055 u Å2 for CH3OH–
H2CO, CH3OH–D2CO and CH3OH–H2

13CO isotopo-
logues of CH3OH–H2CO heterodimer and 0.039 u Å2 for
CH3OH–CO2, CD3OH–CO2, and CH3OH–13CO2 isotopo-
logues of CH3OH–CO2 heterodimer. It should be noted
that structural fits with the Ic moments included gave differ-
ences in structural parameters within the 1r uncertainties
for CH3OH–H2CO heterodimer and within the combined
2r uncertainties for the CH3OH–CO2 heterodimer. How-
ever, for both heterodimers, the rms deviations of the fits
increased by a factor of �4. Therefore, we decided to omit
Table 4
Rigid-rotor rotational constants for isotopic forms of CH3OH–H2CO and
CH3OH–CO2

Isotopic species A (MHz) B (MHz) C (MHz)

CH3OH–CO2 9456.807 2464.270 1976.439
CH3OH–13CO2 9453.557 2443.447 1962.905
CD3OH–CO2 8921.632 2228.243 1824.864
CH3OH–H2CO 27315.981 2374.422 2219.302
CH3OH–H2

13CO 27001.674 2329.984 2178.632
CH3OH–D2CO 24418.402 2258.944 2098.717

Table 5
CH3OH–H2CO and CH3OH–CO2 r0-structural parameters

Species Parameter Experimental value Ab initio

CH3OH–CO2

rC–O(Å) 2.834(3) 2.713a/2.75b

\CO–C(�) 114.4(3) 118.2a

\O–CO(�) 85.4(1) 94.3a

CH3OH–H2CO
rO–H(Å) 2.097(6) 1.98c

\CO–H(�) 98.4(3) 108.0c

\O–HO(�) 140.3(5) 158.2c

a Present work, MP2/aug-cc-pVTZ.
b Klotz et al. [8] employing a B3LYP/6-311++G basis.
c Brume et al. [9] using a B3PW91/aug-cc-pVTZ basis.

H  

H 

H  

C 
C

O

O

O  

H 

2.834(3) A
114.4(3)

o

85.4(1)
o

o

Fig. 3. Structure of CH3OH–CO2.
the Ic moments of inertia from the final fits, since in our
view, they are contaminated by the effects of librational
motions more than Ia and Ib moments of inertia.

5. Stark effect measurements

One of the NIST spectrometers is equipped with par-
allel plates of dimensions 25 cm · 25 cm and about
25 cm spacing. These are placed along the cavity axis
centered between the mirrors and the nozzle and located
perpendicular to the cavity axis. Positive voltage is
applied to one plate and an equal negative voltage is
applied to the second plate to obtain Stark effect shifts
in the transitions. The microwave electric field and exter-
nal electric field are parallel so that DM = 0 transitions
are observed. The Stark plate separation, d, was deter-
mined by a calibration with OCS J = 1–0 and the
known dipole moment of l = 2.3856(10) · 10�30 cm
[0.71519(3) D] [33].

For the CH3OH–CO2 complex, the M = 0 and 1 compo-
nents of the 21,2 –10,1 transition and the M = 0, 1, and 2
components of the 30,3 –20,2 transition of the A state were
measured with applied voltages up to 7 kV (±3.5 kV) with
frequency shifts up to 0.9 MHz. For the CH3OH–H2CO
complex, the M = 0, 1, and 2 components of the 31,3 –21,2

and 31,2 – 21,1 transitions of the A state were measured with
voltages up to 12 kV (±6 kV) and maximum shift up to
1.1 MHz. The Stark shifts were least-squares fit to the stan-
dard second order asymmetric rotor coefficients of (laE/d)2

and (laE/d)2 to derive the la and lb dipole moment compo-
nents listed in Table 6.

6. Discussion

The structural parameters determined experimentally
for CH3OH–CO2 and CH3OH–H2CO are compared to
ab initio values in Table 5. For CH3OH–CO2, we employed
a MP2/aug-cc-pVTZ basis set using GAUSSIAN03 [34].
All vibrational frequencies were positive confirming the
ground state is a true minimum and one negative frequency
was found when the methyl group was rotated by 180� to
the saddle point region at the top of the torsional barrier.
The methanol–carbon dioxide complex shows a van der
Waals bond between its oxygen atom and the carbon atom
of CO2. While the ab initio structure is in general agreement
with the experimental geometry, the van der Waals bond
distance is shorter by nearly 7% and the angles are larger
by 10% or more. The barrier to internal rotation of the



Table 6
Comparison of experimental molecular parameters for CH3OH–CO2 and CH3OH–H2CO with the theoretical values

Parameter CH3OH–CO2 Experiment Theory MP2/aug-cc-pVTZ CH3OH–H2CO Experiment Theorya B3PW91/aug-cc-pVTZ

A [MHz] 9456.807 9445.9 27315.981 27546.1
B [MHz] 2464.270 2563.7 2374.422 2310.4
C [MHz] 1976.439 2042.4 2219.302 2160.7
la [C Æ m] 6.344(7) · 10�30 6.858 · 10�30 3.376(13) · 10�30 6.71 · 10�30

la [D] 1.912(2) 2.056 1.012(4) 2.01
lb [C Æ m] 0.14(1) · 10�30 1.35 · 10�30 2.18(5) · 10�30 1.17 · 10�30

lb [D] 0.039(3) 0.405 0.655(16) 0.35
lT [C Æ m] 6.34(1) · 10�30 7.00 · 10�30 4.02(4) · 10�30 6.80 · 10�30

lT [D] 1.912(3) 2.10 1.205(12) 2.04

CH3 to a,b-axes
ha [�]b 47.3/46.3 43.4 24.1/23.2 31.6
hb [�]b 42.7/43.7 46.6 65.9/66.8 58.4

a Ref. [9].
b The first experimental value is from the structure coordinates and the second value is from the internal rotation parameters.

V.V. Ilyushin et al. / Journal of Molecular Spectroscopy 239 (2006) 94–100 99
methyl group is calculated to be 388 cm�1 while the exper-
imental value is 175 cm�1. The poor agreement demon-
strates the difficulty ab initio methods have in
determining the structures and other properties of com-
plexes with broad and shallow potential wells. The experi-
mental structure of CH3OH–H2CO is compared with the
theoretical results reported by Bruner et al. [9]. Very similar
offsets in the H-bond distances and angles between theory
and experiment are seen there as well.

Further comparisons of the theoretical and experimen-
tal values of the rotational constants, dipole moments,
and methyl symmetry axis angles relative to the a and b
principal axes, ha and hb, are given in Table 6. These
angles can be derived from the structure coordinates or
from the internal rotation parameters. Generally, good
agreement was obtained for all parameters except for
the dipole moment components lb for CH3OH–CO2

and la for CH3OH–H2CO. While the theoretical values
deviate to a larger extent than is typical for calculations
of the monomer properties, they are in reasonable agree-
ment with the structures employed in the methanol–car-
bon dioxide ice studies [5–8] and in the reaction
coordinate study of dihydrogen exchange for methanol–
formaldehyde [9].

7. Summary

We have observed the microwave spectra of several iso-
topologues for the CH3OH–CO2 and CH3OH–H2CO het-
erodimers with a pulsed-beam FTMW spectrometer.
Both complexes show spectra of the A and E torsional
states arising from the methyl group internal rotation.
Stark effect measurements permitted the determination of
the electric dipole moment components. The moments of
inertia for three isotopic forms of each heterodimer were
fit to three structural parameters; an intermolecular bond
distance and two angles between the monomers. The exper-
imental molecular parameters have been compared to the-
oretical values where available.
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